Abstract The toxicity of 2,4-dichlorophenol (2,4-DCP) to anaerobic bacteria in refuse cultures was investigated at two temperatures (30 and 37°C) and after two different exposure periods to the toxicants. It was shown that at 0.52mM 2,4-DCP the time of exposure of microorganisms to 2,4-DCP affected the relative activity (A v ) of the production of methane. A v values at the beginning of the steady-state phase were lower than those recorded two weeks later. The incubation temperature selected also critically affected the assessment of anaerobic toxicity; at 37°C an imbalance of the activities of fermentative bacteria and acetogens with those of methanogens was observed.
Introduction
Although the first stage of decomposition is aerobic, the major component of the biodegradation of organic material within landfills is a relatively slow anaerobic one. Complete anaerobic degradation requires the interaction of fermentative bacteria, acetogens, and methanogens. The conditions used to assess the toxicity of chemicals to these various populations of organisms have not been standardised. The different conditions previously employed, for example, incubation temperature and exposure period to the toxicants, might lead to either an under-estimation or an over-estimation of the toxic effect of the chemicals. The incubation temperatures in anaerobic toxicity tests and anaerobic digestion experiments that used refuse cultures as an inoculum vary between 30 and 41°C (James et al., 1998; Ress et al., 1998; Lay et al., 1998) . The exposure time to test substances also varies in different tests from 48 h (Strotmann et al. 1993) to 258 days (Pavlostathis and Sridhar, 1994) . Our objective was to investigate the influences of two different incubation temperatures (30 and 37 o C) and two periods of incubation on the assessment of the toxicity of 2,4-DCP to the anaerobic bacteria of buried refuse.
Methods
Refuse from a municipal landfill was shredded manually into small pieces (≤ 5mm), and larger non-biodegradable, components were removed. Cultures of refuse were prepared in 500 ml bottles. To 10 g (dry weight) refuse were added 200 ml of distilled water. Portions of solutions of 2,4-DCP in ethanol were added to the cultures after methane was released (day 24) to give final concentrations of 0.1, 0.52, and 1 mM 2,4-DCP. The final concentration of ethanol was 2 mM. Two incubation temperatures were used, viz 30°C and 37°C. The cultures were made anaerobic by flushing nitrogen into the headspace. The pH, concentrations of volatile fatty acids (VFAs) in the culture medium, and the cumulative production of methane during the course of incubation were determined. Methane and VFAs were determined by GC.
At 30°C, only with 0.52 mM 2,4-DCP did the time of exposure of microorganisms to 2,4-DCP affect the A v of the production of methane (A v = CH 4 produced in presence of toxicant/CH 4 produced in absence of toxicant over the same period of incubation). Where the toxic effect was measured in the region of the steady-state phase (at 42 days of incubation), the A v values at concentrations of 0.1, 0.52, and 1 mM 2,4-DCP were 97.9, 64.1, and 5.0%, respectively. However, when the toxic effect was calculated after exposure to 2,4-DCP for 56 days, the A v s at these concentrations of 2,4-DCP were 98.2, 87.3, and 4.8%, respectively. The data presented in Figure 1 suggest that the higher values of A v at 0.52 mM 2,4-DCP observed at the longer time of incubation could be caused by adaptation of the microorganisms to the toxicant and that at 1mM 2,4-DCP adaptation of the microorganisms was not observed, perhaps due to its more potent toxic effect.
A very different pattern was observed in cultures incubated at 37°C, a temperature at which mesophilic activity was expected to be greater than at 30°C. Indeed, in these cultures in which methane was produced, the lag phase was shorter than at 30°C (Figures 1 and 2) . However, cumulative methane concentrations (11.0 µmol/ml) were recorded only with the controls (Figure 2) , due, presumably, to enhanced fermentative and acetogenic activities that resulted in accumulation of VFAs such as acetate (Figure 3 ). This accumulation was reflected in pH values that were low enough (Figure 4 ) to induce inhibition of methanogenesis (Christensen and Kjeldsen, 1989) .
In these cultures supplemented with 2,4-DCP and incubated at 37°C, the xenobiotic apparently inhibited fermentation and acetogenesis sufficiently to lessen the extent of accumulation of VFAs (Figure 3 ) and concomitant pH effects (Figure 4 ). This was reflected in cumulative methane production greater than that recorded in control cultures (Figure 2) . Thus, paradoxically, the addition of a potentially inhibitory compound apparently enhanced methane production, by minimising imbalances in microbial activities.
Conclusions
1. At 0.52 mM 2,4-DCP, the time of exposure of anaerobic bacteria in landfilled refuse to 2,4-DCP affected the A v of the production of methane. The A v values observed at 56 days of incubation were higher than at 42 days of incubation. The toxicity of 2,4-DCP might therefore be over-estimated when only short periods of incubation are employed. 2. The incubation temperature selected also affected the assessment of anaerobic toxicity.
At 37°C an imbalance of the activities of fermentative bacteria and acetogens with these of methanogens was observed. Thus, at 37°C, addition of 2,4-DCP apparently stimulated methanogenenic activity.
